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http://dxObjective: To evaluate the aortic arch elastic properties and ventriculoarterial coupling efficiency in patients
with single ventricle physiology, with and without a surgically reconstructed arch.
Methods: We studied 21 children with single ventricle physiology after bidirectional superior cavopulmonary
surgery: 10 with hypoplastic left heart syndrome, who underwent surgical arch reconstruction, and 11 with other
types of single ventricle physiology but without arch reconstruction. All children underwent pre-Fontan mag-
netic resonance imaging. No patient exhibited aortic recoarctation. Data on aortic wave speed, aortic distensi-
bility and wave intensity profiles were all extracted from the magnetic resonance imaging studies using an
in-house–written plug-in for the Digital Imaging and Communications in Medicine viewer OsiriX.
Results: Children with hypoplastic left heart syndrome had significantly greater wave speed (P ¼ .002), and
both stiffer (P ¼ .004) and larger (P< .0001) ascending aortas than the patients with a nonreconstructed
arch. Aortic distensibility was not influenced by ventricular stroke volume but depended on a combination of
increased aortic diameter and abnormal wall mechanical properties. Those with hypoplastic left heart syndrome
had a lower peak wave intensity and reduced energy carried by the forward compression and the forward expan-
sion waves, even after correction for stroke volume, suggesting an abnormal systolic and diastolic function.
Lower wave energy was associated with an increased aortic diameter.
Conclusions: Using a novel, noninvasive technique based on image analysis, we have demonstrated that aortic
arch reconstruction in children with hypoplastic left heart syndrome is associated with reduced aortic distensi-
bility and unfavorable ventricular-vascular coupling compared with those with single ventricle physiology with-
out aortic arch reconstruction. (J Thorac Cardiovasc Surg 2012;144:1307-14)The first-stage palliative procedure for the treatment of hypo-
plastic left heart syndrome (HLHS) or Norwood procedure1
requires extensive surgical reconstruction of the aortic arch
with augmentation, typically using a pulmonary homograft
patch.2 Despite acceptable short-term outcomes,3 long-term
concern exists regarding the function of the right ventricle
in a systemic position. Recent evidence suggests that
Fontan patients with a systemic, single, right ventricle are
at increased risk of ventricular dysfunction4 and reduced ex-
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The Journal of Thoracic and Carattrition is thought to be related to abnormal ventricular struc-
ture, or even inherent to theFontanphysiology, concern exists
that increased afterload could be the cause of premature
ventricular dysfunction.6 For example, in this setting, aortic
coarctation is known to lead to ventricular dysfunction.7
However, it is now becoming evident that ventricular after-
load can be increased even by mechanisms different from
vascular stenosis, such as increased aortic input and charac-
teristic impedance and increased wave reflection.8,9
Additional surgical factors could play an important role
in determining the increased ventricular afterload. Recent
evidence has suggested that patients with HLHS have
reduced distensibility of the ascending aorta10-12 as
a consequence of extensive reconstruction of the aortic
arch at the Norwood operation. However, the relationship
between the abnormal elastic properties of the proximal
aorta and aortic arch and ventricular mechanics in this
setting has not been assessed in full.
The aim of the present study was to noninvasively assess
the mechanical properties of the ascending aorta in patients
with single ventricle physiology after superior bidirectional
cavopulmonary anastomosis and to evaluate the influence ofdiovascular Surgery c Volume 144, Number 6 1307
Abbreviations and Acronyms
FCW ¼ forward compression wave
FEW ¼ forward expansion wave
HLHS ¼ hypoplastic left heart syndrome
LV ¼ left ventricular
MRI ¼ magnetic resonance imaging
SV ¼ stroke volume
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tion and the efficiency of vascular-ventricular coupling.METHODS
Patients
We selected 21 children (mean age, 4.0  1.4 years) with single ventri-
cle physiology who had undergone magnetic resonance imaging (MRI) un-
der general anesthesia as a preparation for Fontan completion. Of the 21
children, 10 had HLHS and 11 had other forms of single ventricle physiol-
ogy without systemic outflow obstruction or aortic coarctation (tricuspid
atresia with ventriculoarterial concordance in 4, pulmonary atresia in 4,
double-outlet right ventricle in 2, and double inlet left ventricle in 1). All
patients had received a bidirectional superior cavopulmonary anastomosis
as a part of their staged surgical management at the time of the study. All
patients with HLHS had undergone standard surgical reconstruction of the
aortic arch with a homograft patch at the Norwood procedure, with all pro-
cedures performed by only 2 surgeons. None of the other 11 children with
other forms of single ventricle physiology had undergone any ascending
aorta or aortic arch surgery, and they represented the control group.
MRI Data
All patients underwent MRI (1.5-TAvanto; SiemensMedical Solutions,
Erlangen, Germany) before total cavopulmonary connection Fontan com-
pletion. Phase-contrast MRI was used for flow quantification. Through-
plane flow data (about 30 ms temporal resolution, interpolated to 30 frames
per heart beat) were acquired with the use of retrospective cardiac gating.
Also, retrospectively gated, balanced, steady-state free precession cine im-
ages of the heart were acquired in the vertical long-axis, 4-chamber, and
short-axis view covering the entirety of both ventricles (9-12 slices). Post-
processing was performed using OsiriX (Pixmeo, Geneva, Switzerland)
with in-house–written plug-ins. Single ventricle end-diastolic and end-
systolic volumes were measured. The stroke volume (SV), ejection frac-
tion, and cardiac output were calculated from these measurements. The
ventricular volumes and cardiac output were indexed for body surface
area. During the cardiac MRI scan, the blood pressure was measured every
5 to 10 minutes noninvasively with a cuff of appropriate size placed around
the right arm or right leg. The systolic and diastolic blood pressure at the
beginning of the scan was recorded, and the pulse pressure was calculated
as the systolic minus the diastolic blood pressure.
Care was taken to ensure that, in the HLHS group, the imaging plane
was always above the aortic–pulmonary anastomosis to ensure that the re-
constructed aorta was captured. In all cases, the ascending aortic data was
acquired just above the Damus-Kaye-Stansel anastomosis using a standard
method, according to our institutional pre-Fontan completion protocol.
Institutional ethical approval for the retrospective use of the MRI data
was obtained, and all patients’ parents gave informed consent for research
use of the imaging data.
Calculation of Aortic Distensibility
All calculations were semiautomated by the use of an in-house–written
OsiriX plug-in.131308 The Journal of Thoracic and Cardiovascular SurAortic distensibility (D) was derived directly from knowledge of wave
speed (c), according to the Bramwell-Hill equation:
D ¼ 1
rc2
(1)
where r is the blood density. The calculation of wave speed (c) was deter-
mined from the area (A) and velocity (U) information, directly derived
from the MRI data. The ascending aortic MRI flow data were segmented
using a validated semiautomatic registration-based segmentation algo-
rithm,14 allowing extraction of the U and A signals. Changes in velocity
(dU) and fractional changes in area (dlnA) were related using the water
hammer equation:
dU ¼ cdlnA (2)
According to this equation, the U-lnA relationship should have a linear
slope yielding the wave speed in early systole, when no backward waves
are expected. This holds true for noncoronary arteries. The aortic U-lnA re-
lationship is represented by a loop, similar to the pressure-velocity loop15
and diameter-velocity loop16 methods for wave speed calculation. All anal-
yses were performed by the same operator.
Distensibility was also assessed in terms of stress (s) and strain (ε) to
evaluate the effect of the presence of the patch. Variations in diameter,
d (Dd) over the diastolic diameter (ddias) yielded an indication of circumfer-
ential strain (ε¼Dd/ddias), and circumferential stresswas defined as follows:
s ¼ Pd
2h
(3)
where P is the pulse pressure, and h is the wall thickness.
Wave Intensity Analysis
Although the formulation of wave intensity is traditionally determined
from the pressure and velocity17 and, more recently, from diameter and ve-
locity,18 we have proposed a formulation using area and velocity.13 Using
the area and velocity, the net wave intensity (dIA) and separated wave
intensity (dIA) are respectively defined as follows:
dIA ¼ dUdlnA (4)
and
dIA ¼ c
4

dlnA 1
c
dU
2
(5)
Having obtained a dIA pattern, the waves can be identified as compres-
sion (dlnA>0) or expansion (dlnA<0) waves. Depending on whether they
are traveling away or toward the heart, the waves can also be defined as
forward-traveling or backward-traveling, respectively. Traditionally, left
ventricular (LV) ejection is described by a forward compression wave
(FCW), and LV relaxation is described by a forward expansion wave
(FEW). It has been shown in normal subjects that FCW correlates signifi-
cantly with a maximum rate of pressure rise (dP/dt) and that the FEW cor-
relates significantly with the LV relaxation time constant.19 On this basis,
the peak intensity of, and the energy carried by, the FCW and FEW were
calculated. Wave energy (I) was derived from the area under the wave in-
tensity curve, as follows:
I ¼
Zt2
t1
dIAdt (6)
where t1 and t2 indicate, respectively, the onset and arrival of each wave.
The energy carried by the FCW and FEW was also indexed for the SV,
as an indication of the energy carried by a single unit of ejected volume.
It should be noted that the units of wave intensity and wave energy are
not the traditional [W/m2] and [J/m2] but rather [m/s] and [m], respectively.gery c December 2012
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analysis in terms of area. The significance of the parameters is not altered.18
Statistical Analysis
The data are presented as the mean  standard deviation. The differ-
ences in demographic and MRI variables between the HLHS and control
groups were assessed with unpaired t test. Linear regression analysis was
also performed to establish the correlations between the parameters.FIGURE 1. Outputs of the plug-in used for magnetic resonance imaging
analysis. A, Sample of velocity (U) and ln area (lnA) loop for calculation of
wave speed (c). The inverse of the slope of the linear part of the loop in
early systole yields c. B, Sample of wave intensity pattern from 1 patient
showing the forward compression wave (FCW) and forward expansion
wave (FEW) associated with ventricular ejection and relaxation,
respectively.RESULTS
The baseline characteristics of the HLHS and control
group are listed in Table 1. No differencewas seen in gender
or body surface area between the 2 groups; however, pa-
tients with HLHS exhibited a lower SV (P¼ .04) and lower
ejection fraction (P¼ .003). No patient had any evidence of
aortic recoarctation. The arterial pulse pressure was similar
in both groups (P ¼ .12).
A sample of the U-lnA loop is shown in Figure 1, A, high-
lighting the slope yielding the wave speed value. The esti-
mate of local ascending aortic wave speed showed greater
values in the HLHS cohort (7.2  2.4 vs 4.3  0.9 m/s,
P ¼ .002). This resulted in a twofold less distensible aortic
arch in the HLHS group, with D ¼ 3.5  2.9 3 103 1/mm
Hg compared with D ¼ 7.8  3.7 3 103 1/mm Hg in the
control group (P ¼ .004; Figure 2).
Dimensional data derived from theminimal diastolic area
at the level of the distal ascending aorta, assuming a circular
shape, revealed that those patients with reconstructed aortic
arches had a substantially larger aortic diameter than con-
trols (2.1  0.2 cm for the HLHS group vs 1.6  0.2 cm
for the control group, P<.0001). As expected, the aortic di-
ameter and distensibility were significantly and inversely
correlated (R¼ .66, P¼ .001), but no association was noted
between the distensibility and indexed SV (R ¼ .02,
P ¼ .93). Patients with HLHS, with a larger ascendingTABLE 1. Patient characteristics
Variable HLHS Control
P
value
Patients (n) 10 11 —
Gender (n) .98
Male 6 7
Female 4 4
Age (y) 3.4  1.0 4.6  1.5 .02
Weight (kg) 14.5  2.5 15.9  4.2 .19
Height (cm) 95.7  5.5 99.5  9.7 .15
Body surface area (m2) 0.61  0.06 0.65  0.11 .15
Heart rate (bpm) 107  17 102  12 .21
Ventricular ejection fraction (%) 52  6 61  6 .003
SV (mL) 29.9  5.0 40.9  18.1 .04
Ventricle type (n) .0002
Right 10 2
Left 0 9
Aortic pressure pulse (mm Hg) 39 50 .12
HLHS, Hypoplastic left heart syndrome; SV, stroke volume.
The Journal of Thoracic and Caraortic diameter, also exhibited 50% reduced ε compared
with the control patients (0.10  0.02 vs 0.19  0.05,
P<.001).
Wave intensity exhibited a typical pattern, with FCW in
early systole, reflected as a backward compression wave,
and a FEW in late systole (Figure 1, B). Patients with
HLHS showed a lower average FCW peak dIA than the
controls (8.8  5.9 3 106 vs 34.5  16.8 3 106 m/s,
P ¼ .0002) and lower energy carried by the FCW (3.7 
2.3 3 107 vs 12.0  4.6 3 107 m, P<.0001). The same
was observed for the FEW. The patients with HLHS showed
a lower average FEW peak dIA than controls (4.5 
2.9 3 106 vs 11.2  5.1 3 106 m/s, P ¼ .001) and lower
wave energy (2.3  1.4 3 107 vs 4.9  1.5 3 107 m,
P ¼ .0004). These results are summarized in Figure 3.
The patients with HLHS appeared to be less energy
efficient, because the FCW and FEW both carried signifi-
cantly less energy per SV unit compared with control
patients (13  9 3 109 vs 33  15 3 109 m/mL, P ¼
.001; and 8  5 3 109 vs 14  7 3 109 m/mL, P ¼ .03,diovascular Surgery c Volume 144, Number 6 1309
FIGURE 2. Left, Diameter, center, wave speed, and right, distensibility differences between hypoplastic left heart syndrome (HLHS) and control patients.
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FEW wave energy was not significantly related to the SV
(R¼ .41, P¼ .07; and R¼ .22, P¼ .37, respectively). How-
ever, a much more significant correlation was identified be-
tween wave energy and diameter, for both FCW (R ¼ .82,
P<.0001) and FEW (R ¼ .74, P ¼ .001; Figure 4, B).
DISCUSSION
The present noninvasive study used cardiovascular MRI
alone to assess the central aortic properties and, using MRI-
derived wave intensity analysis, ventricular–vascularFIGURE 3. Patients with hypoplastic left heart syndrome (HLHS) exhibited m
results. Both the peaks of, and the energy carried by, the forward compression w
the HLHS group.
1310 The Journal of Thoracic and Cardiovascular Surcoupling. The findings indicated that aortic arch reconstruc-
tion using a patch at the Norwood procedure results per se
in reduced distensibility in the ascending aorta and reduced
efficiency of the ventricular–vascular coupling, which adds
to the burden of increased afterload that the single ventricle
must sustain long term. Changes in wave intensity peaks
and the energy carried by the FCW and FEW in early and
late systole, respectively, were taken as surrogate parameters
suggesting abnormal coupling.
Previous studies using echocardiography or MRI have
shown that patients with HLHS have reduced distensibilityarked differences with respect to control patients in terms of wave intensity
ave (FCW) and forward expansion wave (FEW) were significantly lower in
gery c December 2012
FIGURE 4. Correlation between (A) wave energy and indexed stroke volume and (B) wave energy and ascending aorta diameter, for both the forward
compression wave (FCW) and forward expansion wave (FEW). SV, Stroke volume.
Biglino et al Congenital Heart Disease
C
H
Dof the ascending aorta compared with normal subjects.11
Our data have confirmed that patients with HLHS have re-
duced distensibility of the proximal aorta; however, com-
pared with the previous MRI report,11,12 our control group
included patients with single ventricle physiology in
whom aortic reconstruction had not been performed.
Importantly, the noninvasive MRI method we describe
also gives insight into the mechanistic explanation for the
reduction in distensibility (aortic dimensions vs material
properties of the aorta) and energetic efficiency of the 2
different systems (single ventricle coupled to
reconstructed aorta vs single ventricle with native aorta).
With regard to the aortic characteristics, our results have
demonstrated an association between the diameter of the as-
cending aorta and distensibility. Such an association is not
surprising and a relationship between worsening elastic
properties and increasing size has been demonstrated in dif-
ferent aortic diseases.20 However, our data suggest that the
increased stiffness of the ascending aorta in HLHS is
related not only to dilation of the ascending aorta but also
to the intrinsic mechanical properties of the wall (ie the
presence of a patch). By assessing the elastic properties of
the aortic wall, we have shown that aortic wall strain was
reduced by 50% in patients with HLHS compared with
that in control patients. If the presence of the patch was me-
chanically negligible, patients with HLHS and controls
would have to behave similarly. Given the difference in ε,
this would only occur if the aortic pulse pressure in the
HLHS group was 3 times larger than that in the control
group. However, the observed pulse pressures were similar
(Table 1); therefore, the influence of the patch is not negli-
gible in terms of the effect on the mechanical properties of
the aorta.
Clinically, the elasticity of the ascending aorta is impor-
tant in determining the afterload on the systemic ventricle.The Journal of Thoracic and CarReduced distensibility results in greater aortic impedance,
and with time, it can lead to changes in ventricular-aortic
coupling.21 This is known to negatively affect the ventricu-
lar diastolic function and can result in ventricular hypertro-
phy first11 and ventricular systolic failure later. Our data
support these observations. Patients with HLHS exhibited
both reduced ejection fraction and SV. Moreover, as pa-
tients with HLHS age, the increased arterial stiffness and
hypertension associated with normal aging might exacer-
bate the maladaptation of the systemic right ventricle.
Such changes are also of particular concern because of
the effect they might have on the transplanted heart.
Patients with HLHS, even after a perfect arch reconstruc-
tion without any residual aortic arch narrowing, exhibited
lower intensity of both FCW and FEW, indicating compro-
mised ventricular systolic and diastolic function, with the
FCW being associated with dP/dt and the FEW associated
with the ventricular relaxation coefficient t.19 Hence, in our
study, the energy carried forward by each beat was lower in
those with HLHS, even after correcting for differences in
SV, and this might reflect unfavorable ventricular–vascular
coupling compared with other patients with single ventricle
physiology who have not undergone aortic arch surgery.
In the present setting, loss of wave energy could poten-
tially be a consequence of abnormalities on the ventricular
side of the ventricular–vascular unit (ie, ejected SV) and/or
abnormalities on the arterial side (ie, aortic diameter, pres-
ence of the patch), causing increased afterload. We have
shown that distensibility and wave energy are not signifi-
cantly dependent on SV. However, a significant association
between the aortic diameter and both distensibility and
wave energy was identified. Although a larger than normal
dimension of the reconstructed ascending aorta and aortic
arch is a common feature of the Norwood operation, the in-
creased size of the arch and the consequent ‘‘pooling’’ ofdiovascular Surgery c Volume 144, Number 6 1311
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mechanical performance of the single ventricle and the ven-
triculoarterial coupling. This is particularly concerning
given the already increased aortic impedance observed in
other single ventricle patients after completion of the Fon-
tan operation.9
From a methodologic perspective, the proposed imple-
mentation of wave intensity analysis derived from a single
MRI measurement has the advantage of being pressure in-
dependent, noninvasive, and performed at the specific loca-
tion of interest, in this case in the ascending aorta. The
presented wave intensity results and their implications for
compromised ventriculoarterial coupling in patients with
HLHS are overall in agreement with previous pressure-
based investigations.11,12
Previous studies focusing on distensibility quantification
necessitated invasive arterial pressure monitoring, com-
bined with area change information.12 In the absence of in-
vasive catheter measurements, cuff pressure data have been
used for distensibility calculations.14 Alternatively, disten-
sibility has been derived from pulsewave velocity estimated
with MRI examination.22 This MRI-based method requires
multiple acquisitions and foot-to-foot (transit time) wave
speed calculation. We propose a completely noninvasive
and semiautomated method based solely on analysis of
a single MRI slice for estimation of local distensibility.
Clinical Perspective
Our results suggest that limiting the diameter of the re-
constructed proximal aorta at the Norwood operation and
the development and use of materials with better long-
term elastic properties to reconstruct the ascending aorta
and the aortic arch might prove beneficial for patients
with HLHS, although initial surgery is also about ensuring
a large-enough aorta to account for patient growth. Data on
aortic distensibility and ventricular–vascular coupling from
other institutions using materials other than the aortic ho-
mograft for aortic reconstruction would be useful to detect
any difference in elastic properties with the use of different
materials. We acknowledge that although the ascending
aorta appears to be larger than normal in Norwood patients
after stage II, no longitudinal information is available from
our study cohort regarding progressive growth, and it is pos-
sible that surgical enlargement of the ascending aorta at the
Norwood stage I procedure is an unavoidable requirement
to achieve a normal adult aortic size.
Wave intensity analysis provides a measure of the power
transported by the waves propagating within the arteries,23
and, as such, it is suitable to assess the working condition of
the heart interacting with the arterial network.24 It can be
shown that, theoretically, peak FCW and peak FEW are re-
lated to maximal rate of LV pressure increase andmaximum
aortic deceleration toward end ejection, respectively.25 This
is also supported by in vivo observations, linking the FCW1312 The Journal of Thoracic and Cardiovascular Surand FEW to parameters of ventricular function.19,25 Thus,
this method is well suited to gather mechanical and
energy considerations in the selected patients.
Although we report the use of noninvasive techniques to
investigate ventriculoarterial interaction, we acknowledge
that measurement of the pressure–volume loops from con-
ductance catheters remains the reference standard for study-
ing ventriculoarterial coupling. Preliminary data26 have
shown that arterial wave intensity correlates with the ven-
tricular/vascular elastance ratio, supporting the clinical rel-
evance of the method. In this case, dI was calculated using
the dPdU formulation. This comparison warrants additional
study.Study Limitations
In the present study, arterial blood pressure was measured
noninvasively with cuffs placed on either the arm or leg, de-
pending on the position of the venous line used for gadoli-
nium infusion. We believe that even if not ideal, this was not
a significant limitation of our study for at least 2 reasons.
First, the presence of recoarctation as a cause of a lower
blood pressure in the leg in some patients could be excluded
in those subjects who had undergone previous aortic sur-
gery. Second, the comparison between the pulse pressure
measured in children with versus without a reconstructed
arch was only used to suggest that the latter would require
a pulse pressure 3 times greater than that observed in
HLHS for their aorta to behave along the same stress–strain
relationship.
As per other noninvasive formulations of wave inten-
sity,16 the dI units in the present study were not intuitive
compared with the traditional [W/m2] and, thus, slightly ob-
scured the physical significance of the calculated parame-
ters. However, the underlying significance of the waves,
discussed in other studies,24 remains.CONCLUSIONS
A novel method involving MRI-derived wave intensity
analysis was used to link the effect of arch reconstruction
with compromised ventriculoarterial coupling. The present
results indicate that arch reconstruction at the Norwood pro-
cedure results in reduced ascending aorta distensibility,
adding to the increased afterload that the systemic single
ventricle must face chronically. Our data suggest that the
use of smaller patches and/or patches made from different
materials warrants additional investigation, because they
could be potentially more beneficial from a mechanical
and energy perspective.
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Dr William M. DeCampli (Orlando, Fla). Thank you. This
was a very well-presented paper, Dr Giardini.
I applaud the authors’ use of high-resolutionMRI data for appli-
cation to wave intensity analysis. They have nicely corroborated
evidence previously published in 2010 showing that the Norwood
arch becomes stiffer than the normal aorta. This method is actually
a very accurate way of determining the vascular wall stiffness.
The authors used these data, however, to make some rather
broad inferences about ventricular function. The reference stan-
dard for quantifying intrinsic myocardial function, ventricular ar-
terial coupling, and myocardial energy efficiency is the
determination of ventricular end-systolic elastance and effective
arterial elastance from ventricular pressure–volume loops. These
quantities cannot be determined with wave intensity alone. Given
that, combining the authors’ technique with the acquisition of in-
stantaneous ventricular pressure data could yield powerful infor-
mation about the interpretation of the waves seen in wave
intensity analysis and a new level of understanding of single ven-
tricle function.
I have 3 questions, as follows:
The physical meaning of your ‘‘wave intensity’’ is somewhat
abstruse, because it is not really an energy flux but seems to
have units of meters cubed per second. This quantity is not very
intuitive. You can calculate the more traditional energy flux from
your data, however, because there is a direct, in fact, causal rela-
tionship between the changes in pressure and cross-sectional
area. How does this more physically intuitive quantity compare be-
tween your 2 groups?
DrGiardini.We do not have invasive pressure data to be able to
calculate the standard wave intensity, 1 of the limitations of our
study. However, we believe it is probably also 1 of the strengths,
because we were actually able to collect this information com-
pletely noninvasively. In particular, we were able to collect it at
the specific point of interest in the ascending aorta, which I believe
is another strength. With this technique, we are able to measure the
wave intensity at different levels in the aortic arch, for example, if
we are interested. As you pointed out, traditionally, calculation of
wave intensity analysis is determined from the pressure and flow
velocity data, and the result is a value expressed as watts divided
by square meters. We have proposed a new formulation of wave
intensity analysis using the area and flow velocity, which has
a very sound basis in the conservation of mass and conservation
of momentum. Also, because we are actually using the area anddiovascular Surgery c Volume 144, Number 6 1313
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Dvelocity as variables, the results will be expressed in this unit.
Thus, they do not necessarily translate in one of each other, but
they are a representation of the same phenomenon.
Dr DeCampli. In 2005, Nakayama and coworkers empiri-
cally showed that wave intensity was, in fact, preload depen-
dent. Specifically, they showed that if one indexed the wave
intensity to the square of the end-diastolic volume, one achieved
the best-fit empirical correlation with ventricular end-systolic
elastance.
Now, you indexed your wave intensity to the SV. What physical
rationale did you have to do this, and how do you know that was the
appropriate method to index it?
Dr Giardini.We are aware of the report you cited and actually
because of that, we have been considering whether we should in-
dex wave intensities according to ventricular volumes.We actually
have that information. However, a large body of evidence suggests
that wave intensity analysis results that are not adjusted for any
preload dependence seem to be very closely related to invasively
measured dP/dT and with the LV relaxation coefficient t; thus,
we were not compelled by that need to index our data for preload.
The only adjustment we made was indexing the wave energy for
SV because we had some degree of correlation with SV. We
wanted to create a variable that could be, to a certain degree, inde-
pendent of the SVand would express how efficiently the ventricle
is able to eject blood and which energy is associated with each mil-
liliter of ejection produced.
Dr DeCampli. Finally, in wave analysis of the Norwood group,
one would expect to see reflected or backward waves, in addition
to forward waves, and very probably by the end of systole. These
are the waves that actually add to ventricular afterload and can ad-
versely affect ventricular function.Wherewere the reflected waves
in your analysis?
Dr Giardini.We have not analyzed those data, but actually in 1
of the graphs that I showed some reflected waves were represented,
which actually tended to occur quite early in systole. The study of
wave reflection with this technique is our next area of interest. We
will return and study the reflected waves, especially at this time,
including patients with aortic coarctation in whom we expect
much wave reflection.
Dr J. William Gaynor (Philadelphia, Pa). Thank you, I en-
joyed that very much.
Which part of the arch is responsible for most of the effect? In
particular, how much did geometry affect it? Because we fre-
quently see that it is bulbous in the transverse arch, narrows1314 The Journal of Thoracic and Cardiovascular Surdown, and is smaller in the ascending. Is there a specific part of
the arch, or is it a sum of everything? How we tailor the arch might
be as important as what material we use. Unfortunately, it always
seems bulbous in some places along the arch.
Dr Giardini. You are correct that for practical purposes, if we
are thinking about how to make that part of the circulation better, it
is very important to consider the size and the shape of the aortic
arch. Most of the effect we have seen seems to be due to the size
of the proximal ascending aorta and less to the nature and charac-
teristic of the patch, although we could demonstrate that the patch
has an effect, because the 2 arteries are just behaving differently
beyond the effect of the difference in size.
Dr Christopher A. Caldarone (Toronto, Ontario, Canada). I
would like to ask a follow-up question to that. By measuring the
distensibility in the ascending aorta, it is necessarily adding the
component of the patch and the native aorta, together, in the indi-
vidual patient and you are comparing that with controls who do not
have a patch. However, you are not able to address the question of
whether the aorta itself is less distensible or more distensible. But
you could do so if you compared the proximal descending thoracic
aorta in both groups. Have you thought of doing that analysis?
DrGiardini.We have data regarding that, and wewere actually
able to demonstrate that the descending thoracic aorta has normal
elastic properties in HLHS; therefore, probably it is not a diffuse
arterial disease as far as we understand it.
Dr Shunji Sano (Okayama, Japan). I reconstructed the neo-
aorta, and most of the time in direct anastomosis without any ho-
mograft or foreign materials. From your conclusion, is this
technique different from the homograft patch to reconstruct the
neoaorta?
Also, I am always just worried about the size. When I recon-
struct the neoaorta without any patch, the ascending aorta is quite
large, and then, suddenly, the descending aortic size is down. If you
have a large homograft, the size gradually decrease, changes. Is
there any difference in this discrepancy, distensibility, or is there
an energy loss of the size?
Dr Giardini. We do not have that data in our population, be-
cause all our patients were treated uniformly with the use of a ho-
mograft patch. Thus, we do not have any patient who has
undergone that type of Norwood operation without any patch ma-
terial. I think there could be an advantage in doing that. Something
else we were not able to estimate was the presence of a circumfer-
ential suture line, which clearly has to have also an effect, espe-
cially in terms of wave reflections.gery c December 2012
